Background: Increased risk of congenital malformations in children fathered by men treated for cancer might be due to mutagenicity of cancer therapies. Finding of increased malformation prevalence in offspring born before paternal cancer would indicate a treatment-independent mechanism. Methods: Through national registries, we obtained data on singletons born in Sweden from 1994 to 2014 (n ¼ 1 796 160) and their fathers and mothers (1 092 950/1 092 011). Men with cancer (n ¼ 23 932) fathered 26 601 and 9926 children before and after cancer diagnosis, respectively. Associations between paternal cancer, diagnoses retrieved from the Swedish Cancer Register, and offspring malformations, based on Swedish Medical Birth Register data, were estimated by logistic regression. Results: Children conceived before paternal cancer had a statistically significantly increased risk of all malformations (odds ratio [OR] ¼ 1.08, 95% confidence interval [CI] ¼ 1.02 to 1.15, P ¼ .016, 3.8% vs 3.4%) and major malformations (OR ¼ 1.09, 95% CI ¼ 1.01 to 1.18, P ¼ .03, 2.4% vs 2.1%). Eye and central nervous system cancers were associated with the highest risk of all malformations (OR ¼ 1.30, 95% CI ¼ 1.04 to 1.61, P ¼ .02, 4.5% vs 3.4%). A similar trend was seen for testicular cancer. The malformation rates among children conceived before and after paternal cancer diagnosis were similar. Conclusions: The association between paternal cancer and risk of malformations in the offspring is not solely due to mutagenic effects of cancer therapy. The increase in prevalence of birth anomalies among children of fathers with malignancy might be due to cancer per se or a common underlying paternal factor, for example, genomic instability.
There is concern that the mutagenic effects of cancer therapies can lead to congenital malformations in the offspring of cancer patients (1, 2) . A register study including all singleton children born in Denmark and Sweden between 1994 and 2004 showed a statistically significant increase in the rate of major congenital malformations in children born to fathers with a history of cancer (3) . The mutagenic effects of irradiation and cytotoxic drugs have been well documented in animal studies, and some indications of mutagenicity has been found in humans (4) (5) (6) (7) (8) (9) (10) (11) (12) . A plausible explanation for the increased rate of malformations might be adverse genetic or epigenetic alterations of sperm DNA by oncological treatments, leading to an increased rate of malformations in children conceived after cancer treatment. Conversely, the register study also indicated an increase in malformation risk among children of fathers with cancers most commonly treated with surgery only, such as skin neoplasms (3) . This prompted the hypothesis that the observed increase in malformation rate could be linked to the cancer per se or a common risk factor, rather than to its treatment (13) .
If the increase in congenital malformations cannot be attributed solely to cancer therapies, one might expect that there is an elevated risk of birth abnormalities in children born to men with cancer diagnosed after the conception of the child. If preclinical malignancy has an adverse impact on the sperm genome, this effect might be most pronounced immediately before the clinical manifestation of the cancer. Therefore, the main aim of this study was to estimate the malformation risk in newborns conceived by men who were subsequently diagnosed with cancer. Secondary aims were to investigate if the paternal cancer type and time elapsed to paternal cancer influence offspring malformation risk, as well as to compare the malformation risk for the children born after paternal cancer with those born before malignancy. To answer these questions, we have utilized Swedish national registries to achieve sufficient power to detect even modest risk differences (14) (15) (16) .
Methods

Study Design and Data Sources
The cohort was defined as all children registered in the Medical Birth Register and born alive in Sweden during 1994-2014 (n ¼ 2 108 569), based on the Swedish Total Population Register and the Swedish Multigenerational Register. All children and parents in the cohort were given a unique serial number linked to their Swedish Personal Identity Number. The Personal Identity Numbers and linked serial numbers were sent to the Swedish National Board of Health and Welfare so that excerpts from relevant registries could be obtained. Finally, the Personal Identity Numbers were redacted to mask personal information. All multiples and children with missing parental serial numbers or missing maternal body mass index (BMI) data were excluded. Children with paternal cancer (n ¼ 6) and missing gestational length were also excluded, resulting in 1 796 154 singletons with 1 092 950 fathers, and 1 092 011 mothers included (Figure 1 ).
Maternal and perinatal characteristics including mode of conception were gathered for each child from the Swedish Medical Birth Register and the Swedish National Quality Register for Assisted Reproduction. All paternal cancer diagnoses registered during the period 1958-2014 were retrieved from the Swedish Cancer Register. Parental education levels and date of death were sourced from the Swedish Register of Education and the Cause of Death register, respectively.
The study was approved by the regional ethical board of Lund (No: 2015/670). Offspring to 6 † fathers were excluded due to missing gestaƟonal length Figure 1 . Identification of the study population and register linking. *Exclusions do not add up to 296 444 because of cases with missing data on multiple variables. †Fathers who had another child who did not have a missing gestational age were re-included in the analysis; therefore six offspring to four fathers were excluded. ‡Fathers do not add up to the number of total fathers with cancer, as 1360 fathers conceived children before and after cancer. BMI ¼ body mass index.
Congenital Malformations
The Swedish Medical Birth Register supplied neonatal diagnoses listed in the Swedish version of the International Classification of Diseases 9 (ICD-9-SE) for 1994-1997 and ICD-10-SE for 1998-2014. All congenital abnormalities were defined as ICD-9-SE 740-759 and ICD-10-SE Q00-Q99. Major and minor malformations were defined according to the European Surveillance of Congenital Anomalies coding guide (17) , minor exceptions being diagnoses where ICD-10 codes could not be directly translated into ICD-9-SE (Section 1, Supplementary Material, available online). Additionally, to elucidate whether the types of malformations differed between children born before and after paternal cancer diagnosis, a post hoc analysis, based on the cause (chromosomal vs nonchromosomal) or location, was performed.
Paternal Cancers
Paternal cancer cases were stratified into the following previously described groups (3) 
Statistical Analyses
Associations between paternal cancer and congenital malformations were evaluated using a multivariable binary logistic regression model, yielding odds ratios (ORs) with 95% confidence intervals (CIs). The offspring to fathers without a cancer diagnosis were used as controls in all analyses unless otherwise stated. The model was adjusted for the child's year of birth (five-year categories), maternal age at childbirth (five-year categories), paternal age at offspring birth (five-year categories), maternal BMI (<20, 20 to <25, 25 to <30, 30 to <35, 35 kg/m 2 ), maternal parity (0, 1, 2þ children), self-reported maternal smoking at first prenatal visit (nonsmoker, 1-9 cigarettes per day, 10 cigarettes per day, or missing data), and maternal and paternal years of formal education as an indicator of socioeconomic status (10, >10-14, 15 or missing data). These covariates were chosen because they have been previously shown to affect birth outcomes (18) (19) (20) (21) (22) (23) .
To investigate if children born before paternal cancer have a statistically different risk of congenital malformations compared with children born after paternal cancer diagnosis, a post hoc logistic regression analysis was performed. In this analysis, children born to fathers with a history of cancer were used as controls, as it has been shown previously that they do have an increased risk of severe congenital malformations (3). The model was adjusted for the above covariates.
In logistic regression analyses, fathers can contribute more than one child. To adjust for any intercase dependence on outcome that this may introduce, the analysis was also performed using the generalized estimating equation method, using the father as a cluster, assuming an exchangeable correlation structure, and using a robust variance estimator. Further post hoc sensitivity analysis excluded children (n ¼ 38 454) conceived by assisted reproduction techniques (ART) due to lack of information on possible use of donor or cryopreserved spermatozoa.
To investigate whether the rate of malformations was highest in children conceived shortly before the cancer diagnosisindicating a direct effect of malignancy on the spermatozoal genome-the malformation events were plotted using locally weighted scatterplot smoothing (span ¼ 0.66). For this purpose, the date of conception was estimated from gestational length information.
Our hypothesis was that there is a common causative paternal factor underlying both paternal cancer and malformations in the offspring, independently of when the offspring is born in relation to the paternal cancer. Therefore, logistic regression was deemed appropriate. However, we also estimated the association between the birth of a child with a malformation and the father's subsequent cancer risk using Cox regression analysis. In this model, fathers were followed from the date of offspring conception until they developed cancer, died, or until the end of follow-up (December 31, 2014). If a father had multiple children, he was counted once for every child. The model was adjusted for the father's age and paternal education level. Fathers were grouped according to whether their offspring had a major congenital malformation to calculate the hazard ratio for developing cancer.
All analyses and data management were performed by the first author, as discussed with the other authors. Analyses were conducted using SPSS, version 24.0.0.1 (IBM Corp, Armonk, NY), R, version 3.4.0, with ggplot2 package (R Foundation for Statistical Computing, Vienna, Austria), and Python, version 3.6.1 (Python Software Foundation, python.org). All statistical analyses were two-sided; P values of less than .05 were considered statistically significant.
Results
Study Population
A total of 1 796 154 children born in Sweden between January 1, 1994, and December 31, 2014, were included. Among the children, 1 759 627 had fathers without cancer, 9926 had fathers with a history of cancer, and 26 601 had fathers who were diagnosed with cancer after the conception of the child. The distribution of selected parental characteristics and birth outcomes among these children is presented in Table 1 . The 6846 fathers diagnosed with cancer before offspring conception had a mean age at the birth of the child of 35.7 years. Among the 18 442 fathers who had cancer after offspring conception, the mean age was 36.4 years. Selected parental and neonatal characteristics for subgroups defined according to the time from conception to cancer diagnosis are presented in Table 2 .
Congenital Malformations
Children born before paternal cancer had a statistically significantly increased risk of having a congenital malformation (OR ¼ 1.08, 95% CI ¼ 1.01 to 1.15, P¼ 0.02, 3.8% vs 3.4%) as well as having a major malformation (OR ¼ 1.09, 95% CI ¼ 1.01 to 1.18, P¼ 0.03, 2.4% vs 2.1%).
When examining the malformation risk according to the cancer subgroups for children born before paternal cancer diagnosis, eye and central nervous system cancers were associated with the highest risk of all malformations (OR ¼ 1.30, 95% CI ¼ 1.04 to 1.61, P ¼ .02, 4.5% vs 3.4%). Furthermore, testis cancer was associated with an elevated risk of major malformations (OR ¼ 1.28, 95% CI ¼ 1.00 to 1.64, P ¼ .05, 2.7% vs 2.1%). The odds ratios for these subgroups are presented in Table 3 .
When post hoc stratifying into subgroups of malformations, children born before paternal cancer had an elevated risk of chromosomal abnormalities (OR ¼ 1.40, 95% CI ¼ 1.08 to 1.80, P ¼ .01, 0.12% vs 0.24%). The odds ratios for these specific malformations and malformation groups are given in Table 4 . Sensitivity analyses, excluding ART and utilizing the generalized estimating equation differed negligibly from the main logistic regression (Supplementary Table 1 , available online).
We did not observe any statistical differences in all or major malformation risk between children born before and after paternal cancer diagnosis (OR ¼ 1.06, 95% CI ¼ 0.92 to 1.21, P ¼ .42, 3.8% vs 3.6%, and OR ¼ 1.01, 95% CI ¼ 0.86 to 1.20, P ¼ .88, 2.4% vs 2.3%, respectively).
In the Cox regression analysis, 26 603 (1.5%) cancer events were observed among the total of 1 785 992 fathers followed. Of these, 38 405 had a child with a major congenital malformation. Fathering a child with a congenital malformation resulted in a statistically significant increase in the risk of developing cancer (hazard ratio ¼ 1.10, 95% CI ¼ 1.01 to 1.19, P ¼ .02).
The major malformation rate for children to fathers with cancer, according to when the child is conceived in relation to the paternal cancer diagnosis, is illustrated in Figure 2 . The malformation rate was elevated as compared with the control population for children conceived zero to 20 years before malignancy. There was an apparent peak in malformation rate two to three years before diagnosis of paternal malignancy. Furthermore, the children conceived more than 20 years after paternal malignancy-the median age at cancer diagnosis for these fathers was six years-also exhibited high malformation rates.
Discussion
The main finding of this study was a statistically significant increase in the rates of all and major congenital malformations in children born before paternal cancer diagnosis. The congenital malformation rates did not differ substantially among children conceived before and after paternal cancer diagnosis. This finding points to the existence of a treatment-independent mechanism that increases the risk of malformations in children born to fathers with cancer. A Danish register study has previously shown an association between offspring born with cleft lip and subsequent parental cancer (24) . However, to our knowledge, this is the first study showing a link between paternal malignancies per se and the general risk of congenital malformations in the offspring born before the father's cancer diagnosis. The present study has some interesting biological and clinical implications. From a biological perspective, the link between cancer in fathers and malformations in the children gives some clue regarding possible shared pathogenetic factors.
Genetic instability, which may be genetically or environmentally induced, could be an underlying cause of both offspring birth abnormalities and cancer development. Genetic instability is a hallmark of cancer progression, although its involvement in carcinogenesis is speculative. However, if genetic instability is present to a higher extent in some men, this could explain an increased congenital malformation rate in children fathered by these men many years before their cancer diagnosis, as seen in Figure 2 . Supporting this mechanism, it has been shown that that the number of mutations passed down to offspring through the paternal germline differs by more than twofold between fathers; and that the same mutational processes are present in the soma where these processes generate the majority of precancerous mutations (25) .
In a post hoc analysis, we found that children born to fathers before the father's cancer diagnosis had a marked increased risk of chromosomal abnormalities. This could further support that these men have higher levels of genetic instability, as it has been shown that unrepaired sperm DNA damage can be incorrectly repaired by the oocytes DNA repair machinery, resulting in chromosomal structural aberrations and ultimately in chromosomally abnormal offspring (26) .
Fathers diagnosed with cancer after offspring conception become fathers on average four years later than the control population, possibly due to some degree of impaired fertility. The association between infertility and subsequent cancer has been previously described (27) . Subfertility is a complex disease that might in some cases be a symptom of other underlying disorders; a contributing factor might be that these men have been exposed to a variety of genetic, environmental, or lifestyle factors that may cause cancer, as well as offspring congenital malformations via an as yet unknown pathway. However, excluding fathers that had undergone ART treatment did not attenuate the malformation risk, indicating that increased use of ART is not an explanation for the higher malformation risk in offspring of fathers diagnosed with cancer. Furthermore, paternal age is a weak predictor for offspring congenital malformations when compared with maternal characteristics. Nevertheless, the adjusted analyses did not differ substantially from the crude values, indicating that the observed risk increases are not affected through these covariates. Apart from genetic instability, other biological mechanisms should be considered. Accordingly, it cannot be excluded that early, preclinical stages of malignancy could have a negative impact on the genome of spermatozoa and cause congenital malformations through unknown mechanisms. Increased sperm DNA damage has been observed in cryopreserved pretreatment sperm from cancer patients (9, 28, 29) , which suggests that cancer per se can adversely affect sperm quality, although other studies could not find this association (30) . The fact that the malformation risk was increased even in children born more than 10 years before paternal cancer diagnosis seems to contradict such a mechanism. However, testis cancer, which affects the germinal cells, was associated with major malformations, which might be due to a direct effect of preclinical testicular cancer, especially as testis cancer is assumed to arise in early fetal life (31) . However, this mechanism would not be applicable for other cancer types.
As the malformation risks were not higher for children born post-treatment as compared with the children born before paternal cancer diagnosis, it is possible that the elevated risks associated with being conceived post-cancer treatment, which have been previously reported, could be due to the same treatment-independent mechanism. However, these results do not exclude the possibility of a transient treatment effect.
From a clinical perspective, it should be noted that the increases in risk estimates are so modest that fathers of children born with malformations should not worry about an increased cancer risk. Similarly, fathers conceiving children post-treatment should not worry about increased risks of malformations.
The strength of this study was the use of national Swedish registries. Reporting to these registries is mandatory in Sweden, which gives the study both sufficient statistical power and high-quality data, both with respect to paternal cancer diagnoses and neonatally diagnosed malformations in the offspring. More than 1.8 million births and more than 1 million fathers could be included. It has been estimated that more than 98% of cancer diagnoses in Sweden are reported to the national register (14, 15) , ensuring a complete assessment of all cancer diagnoses. For infant diagnoses in the Medical Birth Register, the underreporting is estimated to be about 10% and is considered random (16) . A weakness of this study is that the level of underreporting and prenatal testing might be influenced by previous paternal cancer, especially regarding chromosomal abnormalities; however, this is unlikely to be the case for children born before the diagnosis of malignancy in their fathers. Furthermore, even with the current size of the cohort, the study is underpowered to study specific malformations and specific conception time intervals in relation to paternal cancer.
In summary, this study showed a modest but statistically significant increased risk of congenital malformations in children born before paternal cancer diagnosis. This finding indicates a link between cancer and congenital malformations that is not mediated by cancer therapy. Sweden (YA AG); Unit for Environmental Epidemiology, Division of Occupational and Environmental Medicine, Lund University, Lund, Sweden (LR); Department of Oncology, Skå ne University Hospital, Lund, Sweden (OS).
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